We treated numerically premixed flames at high Lewis numbers under the adiabatic and non-adiabatic conditions to elucidate the effects of unburned-gas temperature on intrinsic instability. Numerical calculations of two-dimensional unsteady reactive flow were performed, based on the compressible Navier-Stokes equation including one-step chemical reaction. Lewis numbers higher than unity were adopted, and radiative heat loss was employed. Superimposing a sinusoidal disturbance with sufficiently small amplitude on a stationary planar flame, we obtained the relation between the growth rate and wave number, so-called dispersion relation. When the Lewis number was higher than unity, the growth rate was small and the unstable range was narrow, compared with premixed flames at Lewis number of unity, which was because of the weakness of intrinsic instability due to diffusive-thermal effects. As the unburned-gas temperature became higher, the growth rate increased and the unstable range widened. This was because of the increase of the burning velocity of a planar flame. Taking account of radiative heat loss, we obtained small growth rates and narrow unstable range. To study the characteristics of cellular flames generated by intrinsic instability, we superimposed a disturbance with the critical wave number corresponding to the maximum growth rate. The superimposed disturbance evolved, and a cellular flame formed. The burning velocity of a cellular flame normalized by that of a planar flame decreased as the unburned-gas temperature became higher. As the heat loss became larger, the normalized burning velocity of a cellular flame decreased. This indicated that the heat loss inhibited the instability of premixed flames at high Lewis numbers.
Introduction
The increased demand of energy along with the growth of world population is alerting the combustion science to explore the new technologies without increasing the emission of pollutant gases with as little amount of fuel as possible.
To reduce the pollutant emissions from combustion and amount of fossil fuels used in various combustion sectors, lean premixed combustion has been paid much attention for combustion devices such as internal combustion engines, gas turbines and industrial combustors since many decades. However, various combustion instabilities have been observed in lean premixed combustion which may cause the combustion system failure, damages of combustors, fires and gas explosion in severe cases. Instabilities of combustion are in wide scope as instability of system, instability in chamber and intrinsic instability through the combustion process (Williams, 1985) . Formation of cellular flame fronts induced by intrinsic instability is commonly observed in the combustion of rich premixtures of hydrocarbon fuels such as propane and butane or lean premixtures of hydrogen and hydrogen blended hydrocarbon Thwe Thwe Aung, Katusmi and Kadowaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) 
Numerical formulation
We considered the single reactant flames for numerical calculations and adopted the compressible Navier-Stokes equation. The following assumptions were taken: The chemical reaction was a one-step irreversible exothermic chemical reaction and reaction rate obeyed the Arrhenius' law. The unburned and burned gases had the same molecular weight and Lewis number, and the ideal gas equation of state was satisfied. The specific heat and transport coefficients were constant throughout the whole region. The Soret and Dufour effects, pressure gradient diffusion, Thwe Thwe Aung, Katusmi and Kadowaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej. bulk viscosity, viscous term in energy conservation equation and acceleration were neglected. Cartesian coordinates, y-direction with respect to the direction tangential to the flame front and x-direction with respect to the direction of gas velocity, were used. Radiative heat loss term, A(T 4 -Tu 4 ) was added to the energy conservation to investigate the effects of heat loss.
The flow variables were non-dimensionalized by the pressure (pu0), temperature (Tu0) and mass fraction of fuel of unburned gas (Yu0), the preheat zone thickness () and burning velocity (Su0) for a standard premixed flame under the adiabatic conditions.
The governing equations of two-dimensional unsteady reactive flow were written in the conservation form as
where
Numerical calculations
We considered the physical parameters used as in the previous paper (Kadowaki, 2000) , i.e. a gas mixture with the burning velocity of 3.32m/s and adiabatic flame temperature of 2086K at room temperature and atmospheric pressure. The non-dimensional adiabatic flame temperature was 7.0 at Tu = 1.0. Non-dimensional parameters used in this numerical calculation were Q = 6.0, E = 70.0, M = 0.01, Pr = 1.0,  = 1.4 and Le = 2.0 and 1.5. The frequency factor was determined under the conditions that the calculated burning velocity of an adiabatic planar flame at Tu = 1.0 was equal to the set value, Su = 1.0. To study the effects of unburned-gas temperature, Tu was set as 1.5, 1.2, 1.0, 0.8 and 0.6. For the effects of radiative heat loss, A was set as 0.0 to 2.25 × 10 -4 at Le = 2.0 and 0.0 to 2.44× 10 -4 at Le = 1.5. A standard premixed flame extinguished when the heat loss parameter exceeded Amax. We performed all calculations under the conditions of constant temperature jump through flame fronts, i.e. Yu = 1.0, and then Tad = 7.5, 7.2, 7.0, 6.8 and 6.6 at Tu = 1.5, 1.2, 1.0, 0.8 and 0.6, respectively.
The explicit MacCormack scheme (MacCormack and Baldwin, 1975 ) with second-order accuracy both in time and space was adopted in solving the governing equations. The computational domain was 800 times the preheat zone thickness in the x-direction and one wavelength in the y-direction. Uniform space grids were used, and the grid sizes in x-and y-directions were 0.1 and λ / 64, respectively. The computational domain was resolved by 8001×65 grid.
Thwe Thwe Aung, Katusmi and Kadowaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00477] The time step interval was set as 1.0 × 10 -4 . The boundary condition in the x-direction was free flow and in the y-direction was periodic. A sinusoidal disturbance was superimposed on a stationary planar flame in the y-direction, and the evolution of disturbed flame fronts was calculated. The inlet flow velocity in x-direction was set equal to the burning velocity of a stationary planar flame, and the displacement of flame fronts through x-direction due to superimposed disturbance was ai sin (2πy / λ).
(3) The initial amplitude was set as 0.1 for dispersion relations and 1.0 for cellular flame fronts. Numerical calculations were performed by a computer of SGI UV 300 at Nagaoka University of Technology.
Results and discussion
For the dispersion relation, which is the relation between the growth rate and wave number, a sinusoidal disturbance with the amplitude of 0.1 is superimposed on a planar flame. The superimposed disturbance evolves, maintaining the sinusoidal shape, where the flame front is defined as the site of maximum reaction rate. The amplitude of a disturbance grows exponentially with time as, a = ai (exp (t)) (4) This behavior is consistent with previous works (Thwe Thwe Aung and Kadowaki, 2015a Kadowaki, , 2015b . When the disturbance grows to some degree, the growth rate becomes lower gradually and eventually drops to zero, which is due to the non-linearity brought about by finite amplitude.
By varying the wave number, the dispersion relation is obtained. The growth rate increases and unstable range widens as the unburned-gas temperature becomes higher. This is because of the increase of burning velocities of planar flames. At Le = 2.0, Su = 0.411, 0.662, 1.000, 1.435 and 2.312 at Tu = 0.6, 0.8, 1.0, 1.2 and 1.5, respectively. Under the non-adiabatic conditions, the growth rate becomes lower and the unstable range becomes narrower as the radiative heat loss parameter increases. Kadowaki, 2015b) , the growth rate is small and unstable range is narrow. This is because the weakness of instability due to diffusive-thermal effect at high Lewis numbers. The positive real growth rate appeared at Le > 1.0 flames is due to the thermal-expansion effect. When we adopted the diffusive-thermal model (Sivashinsky, 1977) , the negative growth rates were obtained at Le ≥ 1.0. This was because of the stabilizing influence of diffusive-thermal effect. On the other hand, the positive growth rates were obtained at Le < 1.0 owing to diffusive-thermal effect. Figure 3 shows the dispersion relations at Le = 2.0, 1.0, 0.7 and 0.5, based on the diffusive-thermal model equation (a), and based on the compressible Navier-Stokes equation (b)under the adiabatic conditions and Tu = 1.0.
The linearly most unstable wave number corresponding to the maximum growth rate is obtained, which refers to the critical wave number, kc. To study the characteristics of cellular flames generated by intrinsic instability, we superimpose a disturbance with the critical wavelength (λc=2π / kc) and the initial amplitude of 1.0. The superimposed disturbance evolves and a cellular flame forms. Behaviors of cellular flames at Le = 2.0 and Tu = 0.6 & 1.5, under the adiabatic and non-adiabatic conditions, are shown in Figs. 4 and 5. The cell depth, defined as the distance between the convex and concave flame fronts, and the ratio of cell depth to critical wavelength decrease when unburned-gas temperature increases and the heat loss parameter becomes larger. At Le = 2.0, under the adiabatic conditions, Dcell / c are 0.474, 0.361, 0.285 at Tu = 0.6, 1.0 and 1.5, respectively; under the non-adiabatic conditions (A = 3.5 × 10 Under the non-adiabatic conditions, the burned-gas temperature decreases downstream owing to the heat loss. A small portion of the overshoot of temperature appears at the flame front concave towards the unburned gas where the local temperature is high and local burning velocity is large because thermal diffusion is superior to molecular diffusion. Thermal-expansion effect is the main force to cause the cellular flame at Le = 2.0. At Le < 1 flames, the overshoot of temperature appears at the flame front convex towards the unburned gas, and then lateral movement of the Thwe Thwe Aung, Katusmi and Kadowaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00477] cellular flame occurs owing to the strong diffusive-thermal effect (Thwe Thwe Aung and Kadowaki, 2015a; 2015b) .
We normalize the burning velocity of cellular flames by that of a planar flame to study the effects of heat loss and unburned-gas temperature. Figure 8 shows the burning velocities of planar and cellular flames and normalized burning velocities of cellular flames at Le = 2.0 and Tu = 0.6, 0.8, 1.0, 1.2 and 1.5, under the adiabatic and non-adiabatic conditions. The normalized burning velocity (Scf /Su) decreases as the unburned gas temperature becomes higher under the adiabatic conditions. This is because the intrinsic instability becomes weaker when unburned-gas temperature becomes higher. When the heat loss is taken into account, normalized burning velocities become lower. At Le < 1.0, normalized burning velocities of non-adiabatic cellular flames are larger than that of adiabatic ones (Thwe Thwe Aung Kadowaki, 2015b) . That is because the difference between the burning velocities of cellular flame and planar flame (Scf -Su) increases when heat loss becomes larger even though the burning velocity of a planar flame decreases owing to heat loss. The main reason is the increase of the instability intensity at Le < 1.0 due to diffusive-thermal effect. Although the diffusive-thermal and thermal-expansion effects always appear together in exothermic reaction, diffusive-thermal effect is not dominant at Le > 1.0. The difference in burning velocity of a cellular flame and a planar flame at Le = 2.0 and 0.5, and Tu = 1.5, 1.0 and 0.6 is listed in Table 1 . 2.223 --Normalized burning velocities of cellular flames at Le = 2.0 and 1.5, and Tu = 0.6, 1.0 and 1.5, depending on the radiative heat-loss parameter, are shown in Fig. 9 (a) and (b) . As the radiative heat-loss parameter becomes larger, Scf /Su decreases. This shows that heat loss inhibited the intrinsic instability which is mainly induced by thermal-expansion effect at Le > 1.0 flames. In our previous work at low Lewis numbers (Thwe Thwe Aung and Kadowaki, 2015b) , Scf /Su increases as radiative heat-loss parameter becomes larger, indicating that the heat loss promotes the instability of premixed flames at low Lewis numbers. The present results at high Lewis numbers are perfectly different from the previous results at low Lewis numbers. This is because the difference in burning velocity of cellular flames at A = 0 and A = Amax at Le = 2.0 is larger than that at Le = 0.5 for Tu = 0.6, 1.0 and 1.5.
At Le = 2.0, the difference in burning velocities of cellular flames at A = 0 and A = Ama at Tu = 0.6, 1.0 and 1.5 are 0.152, 0.421 and 1.202, respectively. At Le = 0.5, those values are 0.107, 0.186 and 0.469 at Tu =0.6, 1.0 and 1.5, respectively. The increase of difference values of Scf at Le = 2.0 is because of the weakness of diffusive-thermal effect. Figure 10 shows the normalized burning velocities of cellular flames at Le = 1.0 & 0.5 and Tu = 0.6, 1.0 and 1.5, depending on the radiative heat-loss parameter. Thwe Thwe Aung, Katusmi and Kadowaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [ ). Thwe Thwe Aung, Katusmi and Kadowaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00477] Thwe Thwe Aung, Katusmi and Kadowaki, Mechanical Engineering Journal, Vol.4, No.2 (2017) [DOI: 10.1299/mej.16-00477] 
Conclusions
We have performed the numerical calculations of two-dimensional unsteady reactive flow, based on the compressible Navier-Stokes equation including one-step chemical reaction to elucidate the effects of unburned-gas temperature on intrinsic instability of premixed flames at high Lewis numbers under the adiabatic and non-adiabatic conditions. The obtained results are as follows: The positive growth rate appeared at Le > 1.0 is small and the unstable range is narrow, compared with the Le ≤ 1.0 flame, which is because of the weakness of intrinsic instability. The growth rate increases and the unstable range widens as the unburned-gas temperature becomes higher, which is because of the increase of the burning velocity of a planar flame. When the heat loss is taken into account, the growth rate is low and the unstable range is narrow. Cellular flame forms owing mainly to the thermal-expansion effect, and then the overshoot of temperature appears at the flame front concave towards the unburned gas. The cell depth, the ratio of cell depth to critical wavelength and the normalized burning velocity of cellular flames become smaller as the unburned-gas temperature increases and radiative heat-loss parameter becomes larger. This indicates that the intensity of intrinsic instability becomes weaker as the unburned-gas temperature becomes higher. Heat loss inhibits the intrinsic instability of premixed flames at high Lewis numbers.
This study has not covered the dynamic behavior of cellular flame fronts or the mechanisms of intermediate products because of one wavelength of a disturbance and one-step irreversible chemical reaction. In practice, understanding the mechanisms of dynamic behavior of flame fronts and the effects of intermediate products in combustors is essential. Thus, we strongly desire to perform computation for long wavelengths of disturbances and detail chemical reaction to obtain the more essential knowledge on high Lewis number premixed flames in the future. 
